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Store-operated CRAC channels encoded by the Orai genes mediate calcium entry in T cells. In this issue of
Immunity, Omilusik et al. (2011) record CaV1.4-mediated voltage-gated calcium currents in T cells and
address their role for T cell development and function.T cell activation requires calcium (Ca2+)
entry across the plasma membrane (PM).
This Ca2+ influx is preceded by emptying
of internal Ca2+ stores, a process referred
to as ‘‘store-operated’’ Ca2+ entry. The
corresponding channels were initially
described as Ca2+ release-activated
Ca2+ (CRAC) channels. Its molecular
machinery, whereby the endoplasmic
reticulum (ER) Ca2+ sensor STIM clusters
upon ER Ca2+ depletion, translocates to
plasma membrane (PM) adjacent ER
where it directly activates ORAI channels
was recently identified (references in
Hogan et al., 2010). STIM exists in two iso-
forms, STIM1 and STIM2, whereas the
mammalian ORAI family contains three
members, ORAI1-3. T cells from patients
with severe combined immunodeficiency
were shown to have a loss-of-function
mutation in ORAI1 (Feske et al., 2006). In
ORAI1-deficient mice, Gwack et al.
(2008) reported a strong reduction in
Ca2+ entry after T cell receptor stimulation
or store depletion in differentiated effector
T cells, consistent with the data in human
patients, and a weaker reduction in naive
T cells. Vig et al. (2008), using a different
targeting strategy that may result in a
hypomorphic allele, reported a significant
CRAC reduction in mast cells but only a
mild phenotype in T cells. Both groups
showed strong expression of the homologORAI2 in naive T cells, which may com-
pensate for the loss of ORAI1. Interest-
ingly, development of T and B cells was
normal in ORAI1-deficient mice, which
points toward the involvement of other
Ca2+ influx channels during maturation.
In this issue of Immunity, Omilusik et al.
(2011) show evidence that, in addition to
store-operated CRAC channels encoded
by the ORAI genes, voltage-gated CaV1.4
channels, which are activated by depolar-
ization of the membrane potential, are
required forproperdevelopmentand func-
tionof naiveTcells. T cells thussharechar-
acteristics with electrically excitable cells
such as neurons andmuscle cells. Several
reports have described that voltage-gated
Ca2+ channels and their b subunits are ex-
pressed in T cells (references in Omilusik
et al., 2011), although evidence for func-
tional importance of CaV channels was
based on pharmacological tools that are
used at high concentrations and may
have indirect effects on other ion channels
as well. Involvement of CaV channels was
supported by the finding that their b3 and
b4 subunits can modulate Ca2+ signals
andTcell function (Jhaet al., 2009).Never-
theless, CaV current recordings, a detailed
Ca2+ signal analysis, or mechanistic ex-
planations were still lacking.
Omilusik et al. (2011) now measure CaV
currents in T cells. Currentswere recordedin naive (CD44low) murine CD4+ and CD8+
lymphocytes and were absent in cells
from Cacnalf / mice, which do not
express CaV1.4 on the PM according to
surface biotinylation. Currents are small,
do not show Ca2+-dependent inactivation
(a hallmark of CaV1.4) in contrast to most
voltage-gated Ca2+ channels, and result
in a current-voltage relationship (IV) that
hasapeakpotential ofmore than0mV (ex-
pected in 100 mM Ba2+ as charge carrier
due to surface potential effects). Omilusik
et al. (2011) supplement their electrophys-
iological recordings with measurements
of intracellular Ca2+ concentrations by
using flow cytometry. To eliminate the
disadvantage of single wavelength Ca2+
measurements, which is mostly used in
flow cytometry if a UV laser is not available
for Indo-1 (a ratiometric emission dye), the
authors did mix Fluo-4 and Fura-Red
and analyzed the median ratio between
Fluo-4 and Fura-Red. This is certainly
better than single wavelength measure-
ments, even if we do not fully understand
how ratios between 100 and 1000 reflect
the median ratios of the Fluo-4 and Fura-
Red intensities. The quantification of the
measurements may also be hampered by
relative differences of Fluo-4 and Fura-
Red concentrations in individual cells.
Nevertheless, Ca2+ signals are clearly re-
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Figure 1. Hypothetical Model of Ca2+ Channel Activity in T Cells
As shown in the top image, naive T cells (characterized by low CD44 expression) may display a lower
amount of STIM1, allowing CaV1.4 channel activity while leading to submaximal activation of ORAI1.
CaV1.4 contributes to Ca
2+ influx and refilling of the endoplasmic reticulum (ER) Ca2+ stores. CaV1.4-
dependent Ca2+ influx is required for differentiation. As shown in the bottom image, T cells (characterized
by high CD44 expression) show a higher amount of ER resident STIM1 andmay contain more ER localized
in close proximity to the PM. Both clustered and monomeric STIM1 interact with and inhibit the activity of
CaV1.4 and may also induce its internalization. Loss of CaV proteins shows less alteration in Ca
2+ homeo-
stasis compared to (A). More STIM1 leads to optimized ORAI1 activation that is required for T cell function
and store refilling. APC, antigen-presenting cell; MHC, major histocompatability complex I; TCR, T cell
receptor; LAT, linker of activated T cells; SERCA: sarco-endoplasmatic reticulum calcium ATPase;
PLC: phospholipase C; IP3, inositoltrisphosphate; IP3R, IP3 receptor; and CD3, CD8, cluster of differenti-
ation costimulatory molecules 3, 8.
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Previewscells from Cacnalf / mice compared to
WTmice either after T cell receptor stimu-
lation or after treatment with the SERCA
inhibitor thapsigargin, both of which
activate ORAI-mediated Ca2+ signaling
(Hogan et al., 2010). In CD44high cells, the
situation ismorecomplicated.Mild pheno-
types were observed after thapsigargin
stimulation but stronger phenotypes were316 Immunity 35, September 23, 2011 ª2011observed after T cell receptor stimulation.
Both Ca2+ release from intracellular stores
and influx across the PM were decreased
in CaV1.4-deficient cells. In conclusion,
the combination of Ca2+ and patch-clamp
data suggests that CaV1.4 is important
for Ca2+ signaling in (naive) T cells.
What is the mechanism of CaV1.4
action? The authors conclude that CaV1.4Elsevier Inc.directly modulates release of calcium
from intracellular Ca2+ stores as well as
Ca2+ influx rather than indirectly influ-
encing CRAC, although the source of the
depolarizing, activating signal is unclear
(T cell do not express voltage-gated Na+
channels). Other interpretations are also
possible: (1) Because the store content
is greatly reduced in CaV1.4-deficient
T cells, this could lead to preactivation of
ORAI1-mediated Ca2+ influx in CaV1.4-
deficient cells, and, therefore, to less avail-
able unbound STIM or ORAI molecules
for acute activation. (2) A reduced steady
state Ca2+ influx through CaV1.4 may
lead to a reduced Ca2+ store content. (3)
Because the authors also report an in-
crease in apoptosis markers in T cells
from CaV1.4-deficient T cells, Ca
2+ signals
could also be indirectly reduced as a result
of decreased cell fitness or altered protein
concentrations of ORAI and STIM. These
different interpretations need to be tested
in the future.
A mechanistically exciting interpreta-
tion of the data by Omilusik et al. (2011)
arises from two recent publications (Park
et al., 2010; Wang et al., 2010) that show
that STIM1 reciprocally controls ORAI1
and CaV1.2. Although STIM1 directly acti-
vates ORAI1 through its channel acti-
vating domain (CAD), this same CAD
domain is able to inhibit CaV1.2 activity.
Decreasing STIM1 concentration thus is
able to uncover the activation of over-
expressed CaV1.2 channels in Jurkat
T cells (Park et al., 2010). Whether such
amodulation is possible for CaV1.4, which
displays only fragments of the STIM1
interaction domain of CaV1.2 is unclear
and needs to be tested in the future. Inter-
estingly, STIM1 expression is upregulated
upon differentiation of naive into effector
cells, which may provide an explanation
for the reduced effects on Ca2+ signals
observed in CaV1.4-deficient CD44
high
cells.
Another aspect to understand the
mechanism of CaV1.4 action could be
alterations of STIM or ORAI protein con-
centration. The ratio of STIM1 relative to
ORAI1 is important for the magnitude of
Ca2+ entry (Hoover and Lewis, 2011). If
the number of ORAI1 channels is low
there is obviously little Ca2+ entry. How-
ever, when the ORAI1 concentration is
too high relative to STIM1, Ca2+ entry is
low because too much ORAI1 dilutes the
numbers of STIM1s per ORAI1 channel,
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pending on the relative ratios of STIM1,
ORAI1 (ORAI2, ORAI3), and CaV1.4
(CaV1.2 or others) and on their respective
binding affinities, different scenarios are
possible: At lower STIM1 concentrations,
activated STIM1 may be completely
bound to ORAI1 in naive (CD44low)
T cells, with only little interaction between
STIM1 and CaV1.4, leading to CaV1.4 ac-
tivity (Figure 1A) upon (ORAI-mediated?)
depolarization. At increased STIM1 con-
centration ineffectorormemory (CD44high)
T cells, interaction between ‘‘free’’ STIM1
and CaV1.4 may inhibit CaV1.4 activity
(Figure 1B). For clarity only Ca2+ channels
are depicted in Figure 1, for a complete
overview of Ca2+ signaling in T cells,
please refer to Hogan et al. (2010).
An important aspect of Ca2+ signaling in
T cells is its relevance for T cell activation.
Omilusik et al. (2011) correlate the CaV1.4
deficiency with several aspects of Ca2+
dependent T cell activation: (1) the num-
ber of positive CD4+ thymocytes are
decreased, pointing toward a defect in
positive selection, (2) the homeostasis of
naive T cells is changed with decreased
frequencies of naive CD4+ T cells in pe-
ripheral lymphoid compartments, which
correlate with an increased expression
of surface markers serving as indicators
for spontaneous T cell activation and ap-
optosis. (3) Ras-extracellular signal regu-
lated kinase (ERK)- and nuclear factor of
activated T cells (NFAT)-dependent sig-naling is impaired. (4) Challenging mice
with Listeria monocytogenes expressing
ovalbumin, antigen-specific CD4+ and
CD8+ T cell numbers were reduced, inter-
feron-g (IFN-g) producing CD8+ T cell
numbers were low, and cytotoxic T cell
dependent killing was reduced.
How these phenotypes are causally
linked with the presence or absence of
CaV 1.4 channels either directly or indi-
rectly because of changes in expression
ratios of STIM or ORAI proteins has to
be rigorously tested. Two aspects are in
our opinion important to test in the future.
First, a detailed and critical analysis of the
expression and functional relevance of
different Ca2+ channels (ORAI, CaV,
others) and their activators or modulators
(STIM, others) are required in different
T cell subsets during distinct maturation
phases. Different channels may be linked
to different T cell functions in different
subsets, however, apart from ORAI1
channels all other channels have to be
analyzed in more detail. Second, analysis
of local Ca2+ signals at the immune
synapse is required given that this is the
physiological stimulation of T cells.
ORAI1 activity is controlled by different
mechanisms at the IS, which are relevant
for local Ca2+ signals and subsequent
T cell activation (Quintana et al., 2011). It
will be interesting if and how CaV1.4
contributes to local Ca2+ signaling at the
immune synapse and subsequent T cell
functions. Nonetheless, CaV1.4 channelsImmunity 35, Secontribute to Ca2+ signals in naive
T cells, and, although many controversies
still exist, T cells are even more ‘‘excit-
able’’ than previously assumed.
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